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Equations of motion have been formulated f o r  a f o u r  
wheeled v e h i c l e  w i th  independent suspension,  a s  it t r a v e r s e s  
over  a d e f i n e d  s u r f a c e  c h a r a c t e r i z e d  by s l o p e s ,  bumps and 
c r a t e r s .  Ex te rna l  f o r c e s  are der ived  f o r  g r a v i t y  and wheel 
s u r f a c e  i n t e r a c t i o n s .  The equat ions  of motion a r e  so lved  i n  
t h e  body coord ina te s  of t h e  veh ic l e .  The t r a j e c t o r y  of t h e  
v e h i c l e  i s  c o n t i n u a l l y  monitored. 

These equa t ions  w i l l  be incorpora ted  i n t o  a d i g i t a l  
computer program whose primary func t ion  is  t o  check t h e  dynamic 
s t a b i l i t y  of t h e  Lunar Roving Vehicle as it encounters  va r ious  
l u n a r  t e r r a i n s .  
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TECHNICAL MEMORANDUM 

Proposed equations of motion are derived for a simulated 
Lunar RovingVehicle as it encounters slopes, bumps and craters 
on the lunar surface. The lunar surface elevation is describ- 
ed as a series of double squared cosine waves superimposed on 
a linear slope and a constant elevation. Solution of the six 
degrees-of-freedom model is solved in body coordinates. 
ternal forces consist of ground-wheel interactions and gravity 
forces. If a wheel becomes airborne the system simultaneously 
gains an inertia force and loses a ground-wheel force. The 
origin of the body coordinate system need not correspond to 
the center of gravity; any convenient origin will do. 

Ex- 

The orientation of the vehicle with respect to a set 
of inertia coordinates (fixed on the moon) is shown in Fig. 1. 
Let y, r, and i, j, E be unit vectors along the inertia (X, 
Y, Z) and body (x, yf z )  coordinate system, respectively. The 
relationship between these vectors can be described in terms 
of a 3x3 direction cosine matrix [B]. This relationship in 
terms of the Euler angles is derived in Ref. 1 and is given 
below: 

- 

where I cosqcos+-cosesin+sin+ -sinqcos$-cosesin$cos$ sinesin@ 
cosqsin$-cosecos$sinq -sinqsin++cosecos+cos$ -sinecos$ 

sinesin+ sine cos$ cose 
[.3= [ 

If we differentiate Eq. (1) with respect to time we 
obtain the following useful.relationship. 



BELLCOMM, I N C .  

where 

- 2 -  

w z IC1 = [-:; 0 -1 -:;I 
X 

- 

- 
and w X ,  w 

body axes.  
w are t h e  angu la r  v e l o c i t y  components a long  t h e  

Y' z 

The t e r r a i n  e l e v a t i o n  i s  d e f i n e d  as a cont inuous  
' 

f u n c t i o n  wi th  a cont inuous  f i r s t  d e r i v a t i v e  as fo l lows .  

Z o ( X , Y )  = Go + Ao(X-Xo) + Bo(Y-Yo)  

2 r ( X - X a )  ; i ( Y - Y  Q ) 
+ f 6aHa cos  cos  

'ha 'ha 
' 

a=l 

( 3 )  

where 

o the rwise  
a-bump. 

= 0. See Fig .  2 for  t h e  geometry of a t y p i c a l  

The t e r r a i n  s l o p e s  are ob ta ined  by d i f f e r e n t i a t i n g  
Eq. ( 3 )  or: 

a a  (X-XJ (X-x, 1 
COST s i n n  

'ha 'ha 
t any  = dzo/dx = X 

2 (Y-Y,) 
cos  51 

'ha 
I 
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(Y-Y 1 a (X-x 1 

'ha 'ha 

a N 6 H ~  a a  
cos 71 cos 51 B o - 2  t any  = dZo/dY = Y 

a = l  

(Y-Yal  
s i n r  

'ha 

L e t  

and 

L = ( 1 +  t a n y  2 )1'2 
Y Y 

t h e n  

s i n y  = tanyx/Lx I cosy = l / L x  

Y Y Y  I cosy Y = l l L Y  

X X 

s i n y  = tany /I, 

( 4 )  

(5) 

The u n i t  t angen t  v e c t o r s  t o  t h e  t e r r a i n  s u r f a c e  i n  - -  - -  
t h e  I - K  and J - K  p l anes  are given below. 

- - 
= cosyx I + 03 + siny, i? 

t = OF + c o s y  3 + s i n y  iT . 

I tX 

- 
Y Y Y 

( 7 )  

The outward normal vector t o  t h e  s u r f a c e  is as fo l lows:  
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where 

Y J *  {an}t = - 1 [-siny,cosy - s i n y  cosy, cosyxcosy 
'n Y Y 

and 

= (cos 2 y, + s i n  2 y x c o s  2 y )1'2 % 

I n  F ig .  3 i s  shown double Ackerman s t e e r i n g  geometry 
f o r  t h e  v e h i c l e .  
i n g  mode, it i s  t o  a l low t h e  s t e e r i n g  ang le s  (a,,f=1,2,3,4) t o  be 

Double Ackerman i s  merely one p o s s i b l e  steer- 
. . .  

set  independent of each o t h e r  and posses s  t h e i r  L own s t e e r i n g  
rates.  For wheel f t h e  fol lowing r e l a t i o n s h i p  e x i s t s .  

where 

cos af - s i n  af 0 

[ M I f  =[ s i n o a f  cosoaf I] . 
1 
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In terms of the inertia frame of reference, the wheel triad is 
given as follows: 

where 

The bump or crater dimensions may be of the same 
size as the wheel diameter. 
in finding a suitable wheel-spring stroke for calculating a 
ground-vehicle force normal to the wheel surface. The followin 
rational approach has been adopted. With the wheels and suspen 
sion fully extended, the circumference of the wheel is searched 
apparent locations imbedded beneath the ground surface. A unit 

This situation creates a problem 

is constructed from the last point (b) to the first 
vector 'i _ _  

point (a) lyiqg beneath the surface ( F i g .  4 ) .  A slope s1 is 
computed, a representative point (e) (mid-point) found with co- 
ordinates {XYZle,and the maximum apparent penetration b,(max) 
recorded. 
theoretical ground normal Fn,(at{XeYe3, Eq- 8) is found as 

Next, a unit vector T2, normal to both Tl and the 

follows : 

- - 
'2 - 

The slope along T2 is denoted s 
- 

An "average" ground normal 
2 '  

used in subsequent calculations is then computed, '3 

'3 - '2 x 7  1 '  (12) - -  - 
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The fo l lowing  r e l a t i o n s h i p  can be cons t ruc t ed  from Eqs. 
and ( 1 2 )  

(11) 

The apparent  w h e e l  p e n e t r a t i o n  a long  -i- 

computed as follows, 

is denoted  AT^ and i s  3 

= G(3,3)Az(max) . A T f  

Now,  

where 

Next, t h e  body coord ina te s  of p o i n t  (e) are found 
r e l a t i v e  t o  t h e  o r i g i n  of t h e  v e h i c l e .  
be denoted (xyzIe.  L e t  (uvwl denote  t h e  v e l o c i t y  of t h e  ve- 
h i c l e ' s  o r i g i n  a long  t h e  body axes.  
f a t  P o i n t  (e) i n  t h e  i n e r t i a  frame of r e f e r e n c e  is given a s  

These coord ina te s  w i l l  

The v e l o c i t y  of t h e  whee l  

f o l l o w s ,  

The v e l o c i t y  a long t h e  {TlT2T31 t r i a d  i s  next  ob- 
t a i n e d  from Eqs. (13) and ( 1 6 ) .  
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W e  s h a l l  now e v a l u a t e  t h e  wheel-ground f o r c e  i n  t h e  
d i r e c t i o n  T3f. L e t  s p r i n g  cons t an t s  a long t h e  t r i a d  {rf Tf k )  
be denoted as isif sjf  S k f ) '  s p r i n g  l e n g t h s  as Inif L j f  a k f } ,  
damping c o n s t a n t s  a s  { O  0 Ckf) ,  s p r i n g  d e f l e c t i o n s  as 
{Auif Au 
t h e  t r i a d  {Ti T2 T33 w i l l  be denoted {Plf PZf P 3 f l .  
s p r i n g s  w i l l  be cons idered  non- l inear ,  t h a t  i s ,  

Aukf},and f o r c e s  a s  {P  if P j f  P k f ) .  Forces  a long  
j f  

The 

s af = s  aaf ( a  = i , j , k )  i f  'laf > bafl ' 

and 

abf > >  %af S 

The t h r e e  s p r i n g - d e f l e c t i o n  r e l a t i o n s h i p s  a r e :  

where 

0 
0 

Hf '( 3 , 3 1 v -[ T 3  

0 
0 

Hf '( 3 , 3 1 v -[ T 3  'kf 1 (18)  

6 a f  = 1 i f  

! 
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and 

if Serf = 0 “ 5  ’ lAUJfl 

Equilibrium of tangential forces requires 

Deflection compatability requires 

Equations (18, 19 and 20) are combined into one 
matrix equation as follows: 

where 
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and 

- 
0 i f  -S 0 i 0 0 

0 0 1 0 

k f  3 0 1 -S 

O H12 H1, 

H33 3 0 0 

3 . ^  - 
0 ...A H 2 2  23  

j f 
0 -s 

0 0 

[El] = 0 0 

0 0 

H31 H3 2 

A f t e r  s o l v i n g  Eq. 2 1 ,  t h e  nor:6,.ll 5round f c z z e  i s  cL- 
t a i n e d  as fol lows,  

W e  w i l l  now compute P2f  a long  i-2f. L e t  VSE be some 
s m a l l  v e l o c i t y  and Ms an e q u i v a l e n t  c o e f j i c i e n t  of s idewise  
f r i c t i o n .  Then, 

T 2  -V - 
P 2 f  - - VSE MsP3f f o r  (23) 

and 

T 2  -V - 
p 2 f  - MsP3f 

(23)  

- 
Forces i n  t h e  d i r e c t i o n  can come about  t .  i 

r o l l i n g  f r i c t i o n ,  b rak ing  f r i c t i o n , o r  engine  to rque  f 3 r c e s .  
These f o r c e s  are mutua l ly  e x c l u s i v e  f o r  each wheel 31-1 : v i 1 1  
be denoted  Plf: 

I 
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Rol l ing  f r i c t i o n ,  

where Mr i s  an e q u i v a l e n t  c o e f f i c i e n t  of r o l l i n g  f r i c t i o n .  

Braking f o r c e  cons t an t ,  

-V 
- *l Constant , p l f  - 

l V T l l  

and t h e  c o n s t a n t  cannot  exceed Mf P3f where Mf i s  an e q u i v a l e n t  
c o e f f i c i e n t  of f r i c t i o n  p a r a l l e l  t o  rf. 
c o n s t a n t  brak ing  torque  i s  being app l i ed .  

I t  is  assumed t h a t  a 

Engine torque  T ( lvTl I ) , 

n o t  t o  exceed Mf P3f i n  absolute va lue .  

The wheel f o r c e s  r o t a t e d  i n  f, - j, E d i r e c t i o n s  are 

T h e  summation of t hese  f o r c e s  and moments about  t h e  
o r i g i n  of t h e  body coord ina te  system are as fol lows:  

L 
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where 

[Df 1 

For all four wheels, 

1 
0 
0 - - [i 

- 11 - 

-2  e 
0 
X e 

The mass matrix [MI relative to the body coordinate 
system is defined as follows: 

11\13 = 

P 

-H HZ m O O  0 

m 0 -HZ 0 

-H 

-I -I 
X m H Y 

IXX XY xz 
symmetrical I -I YY YZ 

L.. 

where m is the sprung mass, and 

~ z z  J 

I 

I 

I 

Ixx = / ( y 2  + z2)dm f I = Jx2 + z2)dm f Izz =/(X2 + y 2 )dm, I 

YY 
, 
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I 

The three linear and three angular momentum components 
i L 1  along the body coordinate system is given by the following 
relationship. 

where , 

tv1 = tu v w w 0 x y 

The forces and moment components along the body co- 
ordinate axes are given as follows: 

where 

and 

Gravity forces act along the negative E axis thru 
Gravity force and moment components about the body the cg. 

origin are given below: 

where g, is the moon's acceleration of gravity. 

stated as follows (see Eqs. (30, 3 3 ,  34)): 
The equations of motion of the system can now be 



E E L L C O M M .  INC.  - 13 - 

= [M]-’{P] (35) I 

where 

Given [ B ]  a t  t i m e  t=i, w e  s h a l l  estimate i t  a t  t i m e  

Wi th  t h i s  assumption and Equa- 
t=i+h,where h i s  some s m a l l  t i m e  i n t e r v a l  and 
c o n s t a n t  d u r i n g  the i n t e r v a l .  
t i o n  (2), w e  can compute t h e  d e r i v i t i e s  of [B] as shown below. 

{ w  w w z l  i s  
X Y  

.... 
[B]  = - w 2 [ B l  [ C 1 2  

..... 
[ B l  = - u 4 [ B 1  [ C ]  , etc.  

where  

2 
2 

w 2  = w2 + lo2 + 0 
X Y 

Hence : 

[B1 i + h  

3 
= [ B I i  - h [ B l  [ C ]  A h2 [ B l  [Cl 2 + w 2  & [ B l  [ C l  
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We recognize the sine and cosine series in Eq. (36) 
and obtain the following expression. 

(h [Cl 1 (37) sinwh h[C1 + coswh 
(wh) IB1 i+h oh 

- 

Eq. ( 3 7 )  has been around awhile (Reference 2 ) .  I. Y. 
Bar-Itzhack, of Bellcorn, has a fortran subroutine (DICOS) avail- 
able for computing [Bli+h according to an expression similar to 
Eq. ( 3 7 ) .  

The trajectory is updated as follows, 

where {X, YB 2,) are the inertia coordinates the origin of the 
vehicle. 

Equation (35) is solved by a modified Runge-Kutta 

1. Compute {PIi and compute {GIi = [M]-l{P}i. Esti- 

algorith. The strategy is as follows: 

mate {v)i+h/2 = {VIi + h 1 {+Ii. 
tXB YB ZB1 at t = i+h/2. 

Update [B] and 
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Update [Bl  and {X, YB ZB} at t = i+h. 

2031-SK-Jct S. Kau Y man 
Attachments 
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APPENDIX 
t. 

A fortran program (ROVER) is presently being created 
Input to the program will be in NAMELIST for the Univac 1108. 

format ($NAMI* starting in column 2). 
ing input has been adopted. 

Tentatively, the follow- 

General Input 

X = single array of order 3 of the inertia X,Y,Z 
coordinates of the origin of the vehicle 

Z = double array of order 3x4 containing the body 
x,y,z coordinates of the wheel hubs (wheel and 
suspension fully extended) 

RW = 

PHI = 

THETA = 

PSI = 

u =  

NINT = 

DELTIM = 

IPRT = 

NDgT = 

R =  

GM = 

Weight Data 

CM = 

wheel radius 

initial 0 angle in degrees (Fig. 1) 

initial 8 angle in degrees (Fig. 1) 

initial J, angle in degrees (Fig. 1) 

single array of order 6 containing initial rates 
C U V W W  

number of time intervals for integration 

time span of one time interval (maximum) 

printing integer (print every IPRT time interval) 

x Wy 

number of locations for additional acceleration 
output (do not include origin--not to exceed 20) 

double array (3*NDOT) of body x,y,z coordinates 

moon's acceleration of gravity 

constant to divide all weight data (mass conver- 
sion constant) CM = 0 implies CM = 1 
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Appendix (contd. 1 - 2 -  

WM = weight of one unsprung wheel mass; in what 
follows do not include the unsprung wheel weight 

will be supplied (see Eq. 31) 
NMASS = 0 implies zero, first, and second weight moments 

Y(1) = m (total sprung weight rather than sprung mass) 

Y(2) = Ixx 

Y ( 3 )  = I 
YY 

Y(4) = Izz 

Y ( 5 )  = Hx 

Y ( 6 )  = H Y 

Y(7) = HZ 

Y(8) = I 
XY 

Y(9) = Ixz 

Y(10) = I Y= 

Dimension Y (10) 

NMASS = 1 implies detail weight breakdown 

NIT = number of masses 

A ( J , a )  = double array of order NIT*7 of weight data 

a = 1, weight 

a = 2,x coordinate 

a = 3,y coordinate 

a = 4, z coordinate 

a = 5 ,  local x moment of inertia (about own cg) 

i 
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Appendix (contd. 1 - 3 -  

a = 6,local y moment of inertia 

a = 7,local 2 moment of inertia DIMENSION A ( 3 0 , 7 )  

Elevation Data 

* 
NXY = 0 implies Zom = 0 

NXY = Limplies Zom may have a non-zero value 

CXA = X,location for Zom 

CX4 = slope parameter, 
Zom = CX$(X-CXA) if X > CXA 
otherwise Zom = 0, X being inertia X coordinate 

A4 = X-slope, (Ao) 

B$ = Y-slope, (Bo) 

G$ = constant amplitude, (Go) 

X4 = origin for definition of X-slope, (Xo) 

Y+ = origin for definition of Y-slope, (Yo) 

NG = number of a-bumps/craters 

XAL(B,a) = double array of order 2xNG to locate a-bumps/crater 
B = 1 is X-coordinate (Xa) 
B = 2 is Y-coordinate (Y,) 

will make dZo/dX discontinuous at CXA. If included, Zom 
the slope sl, however, is continuous (see discussion prior to 
Eq. 11). 

* 
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Appendix (contd . ) - 4 -  

XHAL(B,a) = double array of order 2xNG for a-bump/crater 
diameters ; 
B = 1 is Xha 
8 = 2 is Yha 

HAL(a) = amplitudes (Ha) DIMENSION XAL(2,8) , XHAL(2,8) , 
HAL (8) 

Friction Force Data 

SF = equivalent coefficient of sidewise friction 
SF = 0 implies frictionless surface (see Eq. 2 4 )  

VSE = minimum velocity for full sidewise friction 

NR$L (f) = single array of order 4 ;  
0 implies no rolling friction for wheel f, 
1 implies rolling friction for wheel f 

RF = coefficient of rolling friction, 
RF = 0 implies zero rolling friction force (Eq. 25) 

0 implies no braking force for wheel f, 
1 implies braking force for wheel f 

NBRAK(f) = single array of order 4 ;  

C@NS = braking force 

BF = coefficient of braking friction, 
BF = 0 implies no braking force (Eq. 26) 

0 implies no engine torque for wheel f, 
1 implies engine torque for wheel f (see Eq. 27)  

NP = number of pieces of data (not to exceed 6) from 
which to construct a torque-velocity polynomial 
of order NP-1 

NT$RQ(f) = single array of order 4;  

VEL = single array of order NP of velocities 

TBRQ = single array of order NP of torques 
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Appendix (contd.  ) - 5 -  i 

VMAX = v e l o c i t y  l i m i t  above which to rque  = 0 ,  
vMAx=O imp l i e s  zero to rque  

VMIN = v e l o c i t y  l i m i t  below which to rque  equa l  i t s  
polynomial va lue  a t  V M I N  

U N I T  = t o rque  m u l t i p l i e r ;  U N I T  = 1 w i l l  y i e l d  
reverse to rque ,  UNIT = 0 imp l i e s  zero  torque  

TF = c o e f f i c i e n t  of ground f r i c t i o n  f o r  engine torquer  
TF = 0 impl i e s  zero to rque  

Suspension C h a r a c t e r i s t i c s  (see descuss ion  p r i o r  t o  Eq. 20) 

N50 = 0 imp l i e s  maximum i n p u t  formation 

S L ( a , f )  = s p r i n g  l e n g t h s  f o r  wheel f { k i f  E j f  a k f l  

S I A ( a , f )  = s o f t  s p r i n g  cons tan ts  fo r  wheel  f isiaf ' jaf  'kaf 

S I B ( a , f )  = hard  s p r i n g  cons tan ts  f o r  wheel f {sibf jbf s k b f l  S 

DAMP(f) = damping c o n s t a n t  for wheel f D I M E N S I O N  SL(3,4), 
SIA(3,4) S I B ( 3 , 4 ) ,  CS(3 ,4) ,  DAMF'(4) 

N50 = 1 impl i e s  minimum i n p u t  formation 

N50 = 1 also impl ies  t h e  fo l lowing  
kif  = a = l o a k f  = 1 0  s ( f )  

- = SB(f )  - j f  
j af - ' ibf - ' jbf = 'kbf = s  i a f  S 

D I M E N S I O N  S ( 4 ) ,  S A ( 4 ) ,  S B ( 4 ) ,  DAMP ( 4 )  

STEERING (see Fig .  3 )  

NlOO = 0 imp l i e s  c o n s t a n t  wheel s t e e r i n g  ang le s  

AF(f)  = c o n s t a n t  s t e e r i n g  angle  f o r  wheel f i n  deg rees ,  
if N100=0 t h e  rest of the d i s c u s s i o n  on s t e e r i n g  
can be by-passed 

L 

i 
i 

t 
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Appendix (contd.)  - 6 -  

N l O O  = 1 impl i e s  t i m e  dependent c o n s t a n t  r a t e  double ackerman 
s t e e r i n g  (see Fig.  3)  

AG = i n i t i a l  s t e e r i n g  angle  i n  degrees  f o r  o u t s i d e  
f r o n t  wheel 

S T 1  = s t e e r i n g  rate i n  degrees/ t ime f o r  o u t s i d e  f r o n t  
wheel 

TIMA = i n i t i a l  t i m e  for  onset of  ST1 

TIMB = f i n a l  t i m e  f o r  ST1 

ST3 = s t e e r i n g  ra te  i n  degrees/ t ime f o r  o u t s i d e  f r o n t  
wheel 

TIMC>TIMB = i n i t i a l  t i m e  f o r  o n s e t  of  ST3 

TIMD = f i n a l  t i m e  f o r  ST3;for N100=1 t h e  s t e e r i n g  ang le ,  
(AP), o u t s i d e  f r o n t  wheel is  given as fol lows:  

AP2 = AG + S T l ( t  - TIMA) for TIMA < t <TIMB, 

AP3 = AG + STl(T1MA - TIMB) f o r  TIMB < t < TIMCi 

-4  = AP3 + ST3 (t - TIMC) f o r  TIMC < t < TIMD, 

AP5 = AP3 + ST3(TIMD - TIMC) f o r  t > TIMD 

AST is  a maximum o u t s i d e  wheel s t e e r i n g  i n  degrees ;  
APl.,..AP5 i n  a b s o l u t e  va lue  w i l l  be l i m i t e d  by 
AST 

N S I N  = 1 impl i e s  s i n u s o i d a l  double ackerman s t e e r i n g  as 
fo l lows:  

AP = AMP*SIN(STl(t - T O ) )  f o r  f r o n t  o u t s i d e  wheel 
f o r  0 < t < TSIN, 

AMP = ampli tude i n  degrees  ( p o s i t i v e  rea l  on ly ,  
l e t  ST1 t a k e  on d e s i r e d  s i g n ) ,  : 

T$ = t i m e  lag,  
TSIN = f i n a l  t i m e  

i 
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NTRIM = 1 impl i e s  e l e v a t i o n  w i l l  be automated t o  t r i m  
t h e  v e h i c l e  f o r  1 l u n a r  g .  The a lgo r i thm goes 
a s  fo l lows .  I n  body coord ina te s  c o n s t r u c t  a . 

v e c t o r  from t h e  vehicle o r i g i n  t o  the ground a t  
the i n t e r s e c t i o n  of t h e  w h e e l  c e n t e r s .  C a l l  t h i s  
v e c t o r  I A L m ) ,  and: 

A L Z  = -RW+Z(3,1)+DH, 
where DH = mass*GM*B(3,3)/(4*SIA(3,1)) 

O f  course t h i s  vec to r  assumes e l a s t i c  and geometry 
symmetry. 

This new o r i g i n  i n  i n e r t i a  coord ina te s  i s  computed 
a s  fo l lows .  

W e  mus t  now compute s l o p e s  from a modified B 
mat r ix  t o  account  f o r  t h e  cg of t h e  v e h i c l e  n o t  
co inc id ing  wi th  X$, Yc$. C a l l  t h i s  cg s h i f t  gFFl 
and gFF2, corresponding t o  X&Y,respect ively.  This  
s h i f t  causes  sma l l  angle  changes THETl and THET2, 
computed a s  fol lows:  

THETl = EH*gFF2/ ( A L X - Z  (1,l) ) 2 , 

THET2 = -EH*gFFl/(ALY-Z ( 2 , l )  ) 

The [B] ma t r ix  can now be modified and a new 
d i r e c t i o n  cos ine  mat r ix  [ B l ]  computed. The de- 
s i r e d  s l o p e s  are now obta ined  a s  fol lows:  

A@ = - B 1 ( 1 , 3 ) / B 1 ( 3 , 3 ) ,  

B@ = -B1(2,3)/B1(3,3) 

Ground v e c t o r s  i n  terms of body v e c t o r s  a r e  given 
through t h e  ma t r ix  [BB] = [ B l ]  t B. vT3  = 0 
imp l i e s  u ( 3 )  = - (BB(3 ,1)*U(l )  + BB(3,2)*U(2)) /BB(3,3) ,  
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It is felt that the digital program (ROVER) is suffi- 
ciently advanced for demonstration. The author would like to 
express his thanks to Dr. I. Y. Bar-Itzhack of Bellcomm for his 
subroutine DICOS and to Professor J. S. Vandergraft for his sub- 
routines, QR and TRANSF. As previously explained (Eq. 371, the 
DICOS subroutine updates the direction cosine matrix. The sub- 
routines QR and TRANSF operate on the output of the UNIVAC 1108 
library subroutine TRIDMX. TRIDMX uses Householder's method to 
transform a symmetric matrix into tri-diagonal form. QR 
(Francis, Ref. Al) and TRANSF finds the eigenvalues and a set 
of orthogonal vectors (Refs. A2 and A 3 )  of the tridiagonal 
matrix and then transforms these vectors into the eigenvectors 
of the original matrix. 
routines are used to compute the principal inertias and their 
direction cosines (for display purposes only). 

The eigenvalue and eigenvector sub- 

Other subroutines used with the ROVER program are 
either library subroutines or were written by the author. 
These latter subroutines plus the three described above are 
included with the demonstration problem given below. 

The demonstration problem consists of a four wheel 
vehicle whose cg lies along the z-centroidal axis of the ve- 
hicle. The terrain is level, frictional ground forces are zero, 
initial Euler angles are zero and the initial forward (x) veloci- 
is 10 units. In the vertical direction the vehicle acts as an 
undamped single-degree-of-freedom oscillator with a period (TI 
of 2.rr units. The ground and wheels (fully extended) are so 
positioned as to yield a theoretical Z-trajectory of 1 - cos(t). 

Some explanation is in order for the selection of the 
integration interval presently incorporated in the program. 
The velocity of each wheel (point e in Fig. 4) normal to the 
ground is continually monitored. A maximum velocity in absolute 
value (ER) of the 4 wheels is obtained and a characteristic time 
(TET) = .05(RW)/ER is obtained (RW is the wheel radius). The 
number of sub-intervals (L5) of the maximum interval (DELTIM) is 
computed in integer arithmetic as follows: (L5) = (DELTIM) (TET) 

Two maximum time intervals were selected for the 
demonstration problem: DELTIM = T/40 and T/80. A summary of 
the Z-trajectory for these two problems is given in Table Al. 
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TABLE A 1  

COMPUTED 2-TRAJECTORY SUMMARY 

t/2n 

.25 

1.25 

2.25 

3.25 

4.25 

Maximum Time Interval 
(DELTIM) 

1/80 (2n) 

1.000 

.998 

.996 

.995 

.993 

1/40 (2n) 

.998 

.992 

.985 

.979 

.973 

Theoretical 2-Trajectory = (1 - cost) 

! 
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FIGURE 1 - AXIS ORIENTATION 
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(e l2 tanBl  (el2 + btan6) )  

(eI2tanfl l  (el2 - b tan6) )  

FIGURE 3 - STEERING GEOMETRY 
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WHEEL PROFILE PROJECTED ON K -71 PLANE K 

(WHEEL FULLY EXTENDED) A r 

FIGURE 4 - WHEEL-GROUND INTERACTION 
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955 CENFANT PLAZA NORTH, S.W. WASHINGTON, D. C. 20024 

I; 
SUBJECT: Equations of Motion of the Lunar DATE: J u l y  3 0 ,  1 9 7 0  

Roving Vehicle - Case 320 
FROM: S .  Kaufman 

ERRATA 

The Technical Memorandum TM-70-2031-1 dated 
March 31, 1970, requires the following corrections. 

1. Page 14 

a. Eq. 37 cos wh should read 1-coswh 

2. Appendix 

Page 3 

a. cx$ should read xc$ (2 places) 

Page 7 

a. THETl = EH*@FF2/(ALX - Z(1,l)) 2 
2 should read THETl = DHe@FF2/(ALY-Z(2,1)) 

b. THET2 = -EH*gFFl/(ALY-Z (2,l) ) 

2 should read THETA2 = -DH*@FFl/ (ALX-Z (1,l) ) 

3. Various additions and corrections have been made to the 
FORTRAN coding. Linear damping has been replaced by damping 
force proportional to velocity to DAMC power. DAMC = 0 or 
blank in NAMELIST input implies DAMC = 1.0 (linear damping). 

2031-SK-vh S. Kaufman 


